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Summary 



Wc have designed a self-assembling muUimcric soluble CD4 molecule by inserting (he C- 



tcrminal fragment of (he alpha chain of human C4 -Binding protein (C4bpcx) at the C-tcrminal 



end of human soluble CD4 gene. This Cn4-C4bpa fusion protein (sMulli-CD4) and two 



other reference molecules, a fusion protein of human scrum albumin (USA) and the first two 



; domains of CD4 (11SA-CD4) and monomelic soluble CD4 (sMono-CD4), were delivered in 

1 
1 

vivo by genetically modified 293 cells. These cells were implanted in mice as organoids and 

1 

t 

: also encapsulated in I ISA-ulginatc coated beads. sMulti-CD4 showed an apparent molecular 



] weight of about 300-350 kl)a, in accordance with a possible heptamcr formula ). sMulti-CD4 

i 

produced cither in cell culture or in vivo in mice appeared a better in vitro inhibitor of HIV 

i 
I 

infection than sMono-CI)4, Plasma levels of sMulti-CJ)4, IISA-CD4, and sMono-CD4 

t 
j 

reached approximately 2300, 2700, and 170 ng/ml, respectively, 13 weeks after hi vivo 

i 

organoid implantation that had formed tumour at that time. This suggest that the plasma half- 



life of sMulti-Cl)4 is much longer than that of sMono-Cl>4. The 293 xenogenic cells 
encapsulated in I ISA- alginate coated beads remained alive and kept secreting sMono-CD4 or 



I1SA-CD4 continuously at significant level for 18 weeks in nude mice, without tumour 



formation. When implanted in inimuno-compctcnl Balb/c mice, they were rejected In 2-3 



weeks after implantation. In contrast, encapsulated lil >4 hybridoma cells remained alive and 



kept secreting BI,4 anli-CD4 mAb for at least 4 weeks in Halb/c mice. These results suggest 



the clinical potential of the C4bp-multimcii?,ing system, which could improve bofh the 



biological activity and the poor /;/ vivo pharmacokinetic performance of the monomcric 



functional protein like soluble C1M. These data also show that a systemic delivery of 
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therapeutic proteins, including immunoglobulins, can ho obtained by the in vivo implantation 
of engineered allogeneic cells encapsulated inllSA-alginatc coated beads. 



Keywords : 

I II V/Multivalcnt/gcnc therapy 
Abbreviations : 

mAb: monoclonal antibody, sMono-CD4 : Soluble monomcric CD4, sMulti-CI)4 : Soluble 
multimcric CI )4 
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INTRODUCTION 



Somatic gene therapy for delivering therapeutic proteins could be an attractive option 
for several clinical settings such as haemophilia H [1], growth hormone deficiency [2], 
mucopolysaccharidosis 1 3-5] or A thalassemia 16-11], Current approaches are often based on 
the implantation of genetically modified autologous cells. Likewise, genetically modified 
fibroblasts can be prepared from a skin biopsy, expanded, and re-implanted after their 
aggregation on fibres. Such « organoids)) become vascularized and secrete the recombinant 
proteins of intcrcsl. However, such a 'tailored' therapy, in which the genetic modification as 
well as the necessary quality control tests need to be performed for each patient, is labour- 
intensive and costly. So, it might be applicable for the treatment of rare diseases, but not for 
prevalent diseases such as 1I1V infection. For the latter settings, the design of strategy that 
allows the implantation of non-autologous cells would be an alternative approach that is 
currently under investigation. Indeed, new technologies such as the encapsulation of allogenic 
cells arc under development |12]. They arc aimed at protecting the transplanted cells from 
being rejected by the host immune system, while allowing the secretion of the therapeutic 
proteins [13, 14]. 

Wc aim to develop new therapy for ] II V infection based on the secretion of antiviral 
proteins. We previously reported the long term in vivo delivery of a soluble form of the HIV 
receptor, the CI>4 molecule. Mouse fibroblasts were rctrovirully transduced with a soluble 
CD4 gene (sCl)4), and rcimplnntcd as organoids in transgenic mice expressing human CD4 and 
thus tolerant to sC])4 115]. The sCl)4 scrum levels obtained were significant but loo limited 
for an expected antiviral effect. This appears primarily due the pharmacokinetic properties of 
sCD4 that has a very short plasma half-life |16j. Wc and others have designed CD4-bascd 



• ~* 1.JL 



rccc 



combinant chimeric pn»lciiis aimed (o increase their anli-IIIV properties as well as (heir half 
lives [17-21]. CI>4-lg molecules arc still under development for clinical use, in association with 
other antiviral molecule such as reverse transcriptase inhibitors or anti-protcascs. We have 
already designed a fusion protein comprising human scrum albumin (USA) and the first two 
domains of CD4 (IISA-CD4) [20]. Tins recombinant protein has a long half life in the scrum, 
comparable to that of human scrum albumin. Wc also recently designed a multimeric CD4 
fusion protein based on a C-tcrminal fragment of human CA binding protein alpha chain 
(C4bpcc), a naturally hcpta.ncric protein [22]. CIM-C4bpa should thus be secreted as an 
hcptamcr.and such a large and multimeric molecule is expected to have longer half life, better 
stability m vivo, and better anti-UIV activity. 

We thus- aimed to analyse the feasibility of secreting antMH V therapeutic proteins by 
organoid, or cell encapsulation into ] ISA-alginato coated beads. Wc generated stable cell lines 
secreting cither sMono-CI>4, HSA-CD4 or sMulti-dX. We then rc-implanted these cells as 
organoids or after encapsulation in J ISA-alginatc coated beads [23], and monitored the 
expression of the recombinant proteins in sera of immuno-deficient or immunocompetent 
mice. Our results indicate that plasma concentrations dramatically depend on the number of 
secreting cells and also on the half life of the recombinant proteins. Plasma concentrations of 
I1SA-CD4 up to 125 M g/ml were achieved. Furthermore, wc show that allogenic cells 
encapsulated in the coatcd-alginoic beads could represent an efficient way to secrete 
recombinant therapeutic proteins. 

These results warrant further developments of this therapeutic strategy for the 
treatment ofUIV infection, indeed, Cl>4-bascd molecules, neutralising antibodies directed 
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against viruses or a^inst HIV rcecnlors or co-rcccntor.s [24] arc capable of inhibiting HIV 
infection and could benefit of these delivery methods. 
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MATERIALS AND MKTDODS 
Construction of expression plasinids 

The 177-basc pair CMcrminal C4bp cx-chain fragment was amplified using Ihe 
following primers : 

S^OAGACCCCCGAACJGCJ^TGA-S' 

5'-ATT TCTAGA G AGlTATAGTTCniTATCCAAAGTGGA-3* 

Underlined sequence represents Xbal restriction she. The stop codon is shown in bold 
characters. Polymerase chain reaction was done as described previously, by using gcriomlc 
DNA of HepG2 cells as template 122], 

The 6.2 kb pST4 plasnrid containing the sequence of the four extracellular domains of 
human CI)4 J25] was digested by LcoRl and Aval, CD4 coding fragment was linked at Us 3* 
end to an Aval digested oligonucleotide 

(5*-TCGGAACAGG1 , CX^ , GC^JXJGAA1'CCAACA^X^AAGG^^X^ , GCCCACATGG-3 , ) 
previously linked to the C4hp a-chnin fragment. Then, this F-coRl-Xbal fragment was 

subcloned into the multiple cloning site of pCl )>Iasmid (Promcga) to make CD4-C4bpot/pCI. 

This construct led to the expression of a mullimcriccovalcnl molecule referred lo as sMulti- 
CD4. 

A coding fragment of sMono-CI)4 from pM48-sCl>4 [15] or thai of 11SA-CD4 from 
pYG365B [20], was also cloned into the multiple cloning site of pCl lo make sCD4/pCI and 
nSA-CD4/pCJ respectively (Fig.lA). 

Selection of sMulti-OM, I1SA-CD4 or sMono-CI)4 secreting 293 clones 

Subconflucnl 293 cells (ATCC CRL 1573) in a 10 cm dish, which were maintained in 
Dulbccco's modified logic's medium supplemented with 10% foetal calf serum, were co- 



iransfcctcd with 0.5 pig of pMClnco poly A (Siratagcnc) and 20 ug of CD4-C4bpo7pCI, 
IISA-Cl)4/pCI or sCD4/pCI by standard calcium phosphate co-prccipilation method. 48 h 
later, G4 18 was added to the medium at 500 ug/ml. After 14 days, neomycin resistant clones 
were isolated and individually expanded. Secretion of the recombinant protein was then 
assayed by BLISA. 

FJ JSA procedures 

For 11SA-CD4, m .ISA plates (Maxisorp, Nunc, Denmark) were coated with IgO 
fraction of u polyclonal rabbit anti-USA scrum (Sigma, dilution 1:2000), blocked with 1 x 
Power Wock° solution (HioGcncx, USA), and incubated with samples of culture supernatant 
or plasma from the organoids-implantcd mice, which were diluted with I x Power block 
solution. I.eu3a anti-CD4 mAb or Leu3a conjugated with biotin (Bccton and Dickinson, 
dilution 1/125) was then added, followed by the /ww/<to.«?-linkcd anti-mouse IgQ serum 
(DAKOPATJ'S, dilmion 1/2000) or slrcptavidhWCW (Bochringcr Mannheim, dilution 
1/800) respectively. Absorbancc at 405 nni was measured after the addition of ARTS solution 
(BochrjngcrMannhcim). 

All sMulti-CIM and sMono-CD4 measurements in culture medium and plasma, were 
performed using the sCD4 J- 1 -ISA kit (Hochringci- Mannhcim)dctccting the number of CD4 
binding sites for the revealing antibody. Results arc thus expressed in ng/mlwith respect to a 
standard curve made with purified recombinant sCl)4. 



Protein electrophoresis and Western blotting 
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Electrophoresis was performed in a precast Tris-Glycinc 4-12% polyacrylamide gel 
CNovcx, USA). Pro-stained Rainbow markers (Amcrsham, UK) were used for gel calibration. 
The culture supernatant of the 293 cells secreting sMulti-CIM, I ISA-CM or sMono-CIM, or 
diluted plasma of the organoids implanted nudo mice were loaded in reducing (Tris-IICl 
63mM, Glycerol 10%, SDS 2%, dithiothrcitol (D JT) SOmM) or .^reducing condition (Tris- 
IICI 63mM. Glycerol 10%, SDS 2%). After electrophoresis, proteins were transferred to a 
nitrocellulose membrane (0.4 5 -pm pore si,*, shlcieher A Sohued) at 4°C overnight by electro- 
transfer using Mini-Trans] not (BioRad). J o ensure equivalent protein loading in each lane and 
correct transfer, band, were made visible by staining with 0.3% Ponceau Red staining. After 
staining, membranes were rinsed in THS. Then, the filter was blocked, incubated with a rabbit 
polyclonal anti-human CIM scrum (K582) [19] for *Multi-CD4 and aMono-CIM, or with a 
rabbit polyclonal anti-IISA JgG (Sigma) for 1ISA-CD4, then developed using peroxidase- 
linkcd anti-rabbit IgG serum (DAKC-PATlS) and a chcmilumincsccncc western blot kit 
(HochrjngerMannhcim). 

HIV-1 viruses and viral infection procedures 

P4-CCR5 infection : The derivation and characterisation of the 1M-CCR5 cells has been 
previously described ,26J. Cells arc grown in Dulbeeco's modified logics' medium 
supplemented with 10% Focta. Calf Serum (Gibco), 500 M g/ml Q418 and 1 uj/ml puromyein. 
The P4-CCR5 cells were plated (10< cells/well of 96-weII plate, 3 x 10< cells/well of 48-wcll 
Plate) one day prior to infection. On the day of the infection, one hundred tissue culture 
infectious doses of 1IIV-1,,, strain of I..V-1 (,„V-1, A1 , Diagnostics Pasteur, France) were 
fust incubated with several concentrations of sMu.ti-CD4 or sMono-CD4 for 2 hours. Then 
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those mixture onilV«l,. AI and sMulti-CD4 or sMono-CD4 arc added to the cells for intiction 

! I 

*■ : 

in (he presence of 20 ng/ml of DKAH Dcxiran. AAcr 48 hours of infection, mcdiuuV was 
removed and the enzymatic detection of p-Gal was performed using p-gal reporter gcncijssay 
kit (Boehringcr Mannheim). ! ; 

Organoids formation and implantation 

The 293 clones secreting sMulti-CIM, HSA-CD4 or sMono-CD4, or naive 29l cells 
were used to make organoids. Organoids were surgically implanted into the peritoneal cavity 
of 6-wcck mule Swiss (nu/nu) nude mice (Iffa-Crcdo, France) anaesthetised with 
Tribromocthanol (ACROS OROAN1CS, New Jersey, USA) at 125 mg/kg. Neo'irgan 
formation, i mplonlation, and removal were performed as previously described [15). ~ : ' 

All animal studies were performed al the animal facility of Centre d'fctudc it de 

f 

Recherche Viro-Immunologiqucs(C.n.R.V.I.), Ilopltal dc la Pitic-SalpStricre, Paris, pjance. 

■ i 

The animals were cared in accordance with local institutional guidelines. 

i 

t 
I 

Preparation of <he. human scrum albumin alginate coaled beads and bio-cncapsujptlon 
of cells ' 

The procedure was as described [23] with minor modifications. The initial adjieous 
phase was prepared by dissolving three components, sodium alginate (1%), propylene 
glycerol alginate (PGA, 2%) and human scrum albumin (USA, 5%) in 0.9 % NaCI. After 5 
minutes of stirring, the homogeneous solution was centrifuged for 5 min at 5000 rjim to 
eliminate the air bubbles. Twenty eight millions cells were collected in 500 f.il of sterile 6.9 % 
NaCI, then carefully added and rc-suspended in 2 ml of the alginate solution. The resulting 
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solution containing cells was added dropwisc lo 1 2.5 ml of 1 0 % CaCl 2 , to form beads. After 5 
min of magnetic stirring, beads were washed with 0.9 % NaCI, then the transacylation reaction 
between the ester group* of PGA and the amine group of USA was initiated in 10 mM WaOH 
for 5 min under agitation. A membrane was formed around beads, made of a protein dlrjectly 
bound to polysaccharides through amide linkages. The coated beads were then incubated for 5 
min in 0.9 % NuCl, pIJ 7.0 then incubated in cell culture medium. One batch of "beads 
corresponds to approximately 140 beads. In this condition, the cell number in beads, at the 

t 

beginning of the culture, is theoretically about 200,000 cells/bead. ' 

Mice plasma analysis: transgciic expression in vivo in Swiss nude mice 

Retro-orbital blood was collected from organoids- or the beads-implanted mico i#th a 
100 ill heparinated capillary pipette under anaesthesia with tribromocthanol. The cofjected 
blood was centrifuged at 5000 rpm (2700 relative centrifugal force) and the plasma was stored 
at -20 C immediately. sMulli-CJM, IISA-CD4 or sMono-CD4 were analysed by ELlSAand 
immunoblot on thawed aliquots. ! 

Analysis of IU A ati(i-Ci>4 inAb secretion 

■ i 

BIA (lmmunotech, Marseille, I-'rancc: llybridoma Data Hank, W.4 195 RF 1.0) is a 
monoclonal antibody which specifically reacts with human CD 4 [27]. 1 he BL4 hybrldoma 
cells were produced by fusion of the mouse myeloma Sp2/o with spleen lymphocytes from a 

i 

BAKB/e mouse immunised with human peripheral blood T lymphocytes. A monoclonal 
antibody (Ig02a k), BI<4, is produced. 



Sera were collected from the mice that were implanted with the encapsulated ^L4 
hybridoma cells and analysed for the presence of BM anli-CD4 niAb. Two millions hijman 
peripheral blood lymphocytes (PBLs) were incubated with 50 u.1 of different serum at Us or 
1 :20 in I'US-1% USA for 30 min at 4°C. After 3 washes, PHI* were then incubated witli 50 |i! 

of anti-mousc-l-lTC antibody at 1 :50 in PBS-1% 13SA for 30 min at 4°C. After 3 washes 

t ' 

PBLs were analysed on a I'ACStar Plus apparatus (Bccton Dickinson). 

Histological analysis of the human serum albumin alginate coated heads 

The cells containing human scrum albumin alginate coaled beads were recovered from 
the mice, washed wilh PBS and fixed with PBS containing 2 % gluta.aldchydc for 48 h. Beads 
were then dehydrated in 70<>, 80*. 90", 95° and 100° clhanol successively and put in propylene 
oxide (1 h for each stage). Beads were then incubated in 50% propylene oxido/50% B>ON 

t 

(Merck) for 2h, and in UPON overnight. Finally, , beads were put in liPON solution witlj 1 .5 
%of (hccatalyscr (2,4 ) 6-Tris(l)imcthyIaminomcthyl)Phcnol : DMP30) DMP30 for 72 to 96 
h at 60 °C to allow the resin to polymeria. Samples were finally cut using an ullramicrOtome 

and stained with 0.5 % methylene blue (Sigma) and 0.5 % ozur blue II (Merely for 

observation . 
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RESULTS ! 

//; vitro expression and characterisation of sMul<i-Cl)4, HSA-CD4 and sMono-Cr>4 by 
293 cells 

Neomycin resistant clones of 293 cells transfected with CD4-bascd expression vector 

i 

together with pMClnco poly A were isolated by 0418 selection. They were groWn to 
confluence, fed with fresh medium without FCS and 24-h culture supcrnatants were collected 
and assayed for the recombinant protein secretion by HI, ISA. Wc selected clones seciteting 
sMulti-CD4, 1KSA-CD4 or sMono-CD4 at a rate of, 4.0, 1.1 and 4.2 jig/10 7 ce!lsb4h, 

t 

respectively. 

To verify the nature of these secreted proteins, western immunoblot analysis was 
performed using a polyclonal anti-hCD4 rabbit scrum fl9] (Fig 1C). Unique 44 or 02kDa 
bands were detected under both reducing or non-reducing conditions with the supernatant of 
the 293/sCD4 (lanes 2, 6) or 293/1 1SACD4 (lane 10), respectively. The 92 kDa band eould 
also be detected using a polyclonal anti-USA scrum (lane 12). A unique 50 kDa 'band 
corresponding to the molecular weight of monomel ic CD4-C4bpa could also be seen under 
reducing condition with the supernatant of 293/CD4-C4bpcx cells (lane 1). Under non-reducing 
condition, a unique band of large molecular weight (« 350 kDa) could be delected (lane 5). 
These results indicate, that the CD4-bascd recombinant proteins are efficiently secreted by 293 
cells as unique soluble products, in a probable heptamcric form for CD4-C4bpoc. 



sMul(i-CD4 inhibits HIV infection better than sMono-CD4 



To determine whether sMulti-CD4 secreted by 293 cells retains anti-HIV infection 
activity, culture supernatant of 293/Cl)4-C4bpot was tested in II1V infection of P4-CCR5 
cells in vitro. Several dilutions of the culture supernatant of 29.VC1/CD4-C4bp& or 
293/Cl/sCI>4 were incubated with 100 tissue culture infectious doses (TC1D) ofHlV-l LA , for 
48 h. The 50% inhibitory concentration of sMulti-CD4 was 35 ng/ml, three times better than 
that of purified recombinant soluble CD4, 100 ng/ml (Fig. 2A). 

These results indicate that the $Multi-Cl)4 nnd fiMono-CD4 protein produced by the 
293 cells are functional. On the contrary, the 1ISA-CD4 recombinant protein showed d'poor 
cupacity to block I II V infection ( data not shown). 

In vivo delivery of sJVJuW-CI)4, 1JSA-CD4 and sMono-CD4 by organoids implanted In 
nude mice 

Using the 293/CD4-C4bpa, /JISA-CD4 or /sCD4 cells, wc generated the organoids 

made of 10 7 cells. Two organoids were transplanted into the peritoneal cavity of each Swiss 
nude mice. 

Implantation of sMulli-CD4 -secreting organoids resulted in high plasma levels of 
sMulti-CD4 which increased from 5.5 i 1.4 ng/ml (mean i S.F..M.) at 2 weeks post- 
implantation to 2306 ± 716.7 ng/ml when they were sacrificed. With 293/IISA-CD4- 
organoids, the HSA-CD4 plasma concentrations were 2.6 i 0.8 ng/ml at 2 weeks post- 
implantation und raised to 5432 1 258 ng/ml at 13 weeks post-implantation. In contract, we 
could not detect any plasma sMono-CD4 at 2 weeks post-implantation in 293/sCD4 
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organoids implanted mice, and only 1.1 ± 0,5 ng/mland up to 173 ± 91,6 ng/mlal 4 arid 13 
weeks post-implantation, respectively (Pig, 3A). 

Starling al 4-5 weeks after transplantation, all nude mice developed tumours which 
continued to grow until they were sacrificed for examination. All the nco-organs were fouh'd to 
be connected to the mesenteric tissues or to the bowel, and were well vascularized. Orgtaioid 
weights, which were approximately 0.2 g before transplantation, raised up to 11,4 ± 5.j>8 g 
(mean! S.D, n=5) with 293/CD4C4bpoc organoids and 17.53 ± 1,60 g (n^3) for 293/HSA- 
CD4 (not significantly different), whereas that of 293/&CD4 were significantly smaller (2,44 ± 
2.85, n-5, paired T test, p<0.05j. No signs of mctastasic tumours was seen at macroscopic 
evaluation. Thus 293 cells arc tumorogenic in nude mice. 

Characterisation of in v/w-cxprcsscd recombinant proteins 

To investigate if the in v/w-exprcsscd sMulli-CI)4 was still multimcric, we performed 
western immunublol wilh the plasma of a 293/CJ)4-C4bpot organoids implanted mice : (Fig, 
3B). The polyclonal anti-hCP4 scrum showed a unique high molecular band (lane 5) idSftlical 
to that observed with the culture supernatant of these same cells (lane 2), and thus 
corresponding to sMulti-Cl)4 molecules. 

Plasma from 1 JSA-CD4-organoids implanted mice were also examined using western 
blotting. A polyclonal anli USA scrum revealed the 92 kl)a band corresponding to the HSA- 
CD4 hybrid (lane 6). The polyclonal antibodies (cither anli-hOD4 or anti-USA) also reacted 
non-spceifically with plasma proteins, resulting in a heterogeneous band pattern identical 
between organoids-impJanlcd (lane 5, 6) and control mouse (lane 4, 7). 
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Relationship between plasma levels and numbers of secreting cells 

Total body weight plotted versus the plasma concentration at various time points 
showed a good linear correlation (J'ig.3C) suggesting that the 293 colls kept secreting 
recombinant proteins during tumour growth. Jl also indicates that the plasma concentration is 
a linear function of the number of secreting cells. 

When the animals were sacrificed, implants were removed, weighed, and the cells Were 
dissociated with collagenase. Ti\cy were then cultured in vitro with or without G418, and 
analysed for the secretion of the transgene products. The recovered 293/CD4-C4bpoc cells 
were secreting sMulti-CD4 at the same level with or without G418, 22 % lower than their 
secretion level before implantation. In contrast, the recovered 293/1 1SA-CD4 or 293/sCD4 
cells retained the secretion capacity they showed before implantation. 

Plasma sMulti-Cl>4 retains its capacity (o inhibit HIV infection 

Wc next investigated whether sMulti-CD4 expressed in vivo in nude mice retains its 
anti-HIV activity with an 1 Jl V inhibition assay based on using P4-CCR5 cells [26]. these 
Ilcla derived cells co-cxprcss human CD4 and CXCR5 and arc thus sensitive to HIV infection. 
They arc also transduced with a Tat-induciblc I-ac-Z gene in order to monitor the HIV 
infection by I,«cZ expression. The N-CCR5 cells were infected with 100 TCID of HIV-1 LAI , 
in the presence of different dilutions of cither the plasma from 293/CD4-C4bp-organolds 
implanted mice which contains 4 ug/ml of sMulti-CD4, or the plasma of norma! nude mice as a 
negative control (Tig. 2h). After 48h, the enzymatic detection of p-Gal was performed. The 



1 A4->A4 28/88/99 a 14:42 Pg : i 8 /2 



results indicated that in v/vo-oxprcsscd plasma sMulti-CD4 retained an antUHlV activity 
similar to that from in vitro expressed *Multi-CD4. 



In vitro secretion of therapeutic proteins from encapsulated 293 cells 

Wc investigated the secretion of the recombinant proteins after encapsulation of 293 
cells in human serum albumin alginate coated beads. Encapsulated 293 cells were placed in 
culture medium and the secretion rate of sMono-Cl)4, IISA-GD4 or sMulli-CD4 was 
analysed by KUSA. At 4 weeks after encapsulation, secretion rates were 3307, 751 and 3 
ng/30bcads/day, respectively. Previous analysis allowed to determine that 30 beads contain 
approximately 6 xlO 6 cells. '1 he three 293 clones secrete sMo»o-CD4 (44 kDa), HSA-CD4 
(92 kDa) and sMulti-Cl>4 (350 kDa) at 2372, 663 and 2452 ng/24h/6xl0 6 cells, respectively. 
Thus, sMono-CD4 and 11SA-CD4 freely diffuse through the beads, but sMulti-CD4 didn't. 

Xenotransplantation in immuno-compi oiniscd mice: /// vivo expression of sMono-bD4 
and HSA-CD4 from the encapsulated 293 cells in Swiss Nude mice 

In order to evaluate if the encapsulated xcnogcnic.293 cells could secrete sMono-CD4 
or 1ISA-CD4 without tumour formation, 30 beads with 293/sCD4 or 293/HSA-CD4 cells 
were implanted into each mice and the plasma concentration of sMono-ClM and HSA-CD4 
measured overtime. The JJSA-CD4 plasma concentration reached a plateau of ~ 300 ng/mlat 
4 weeks post-imphmiation (l-ig.4A upper panel) and stayed at this level for more thftn 16 
weeks post-implantation. Plasma sMono-CD4 concentration was 0.5 ng/ml 2 weeks post- 
implantation and remained the same level during 13 weeks (Hg.4A lower panel). 
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The IlSA-alginalc coaled beads-implanted mice were sacrificed and examined 
macroscopically. All beads were found intact in peritoneal cavity and easily recovered, there 
was no sign of tumour growth of the cells outside beads. In contrast, the identical 293 clones 
implanted as organoids in nude mice showed tumour formation in all the mice afler 4-6 Weeks 
of implantation. Heads were recovered, put in culture medium in vitro, and analysed for 
transgene secretion. The recovered 293/sCD4 and 293/1 ISA-CD4 cells in the beads were 
shown to keep secreting their transgene products at 4000 and 400 - 880 ng/30 bead$/24h 
respectively after their recovery, which is about the same rate as those of before implantation. 

Transplantation J n iiiumino-compctcnt mice: in vivo secretion of BL4 a»t!-CD4 mAb 
from the encapsulated IiL4-hybridoma cells in Halb/c mice 

Sera from BALB/C mice implanted with the BM-hybridoma cells containing human 
serum albumin alginate beads were collected at various times after the implantation, and 
analysed. The results showed that scrum UM wnti-CI)4 mAb concentration continuously 
increased during the 30 days of follow up when the beads were left in place (Fig. 4B lower 
panel). In contrast, when the beads were cxpkmted after two weeks, HI .4 anti*CD4 mAb 
secretion gradually decreased (I«ig.4B upper panel). 

Mice were sacrificed, then beads were recovered, put in culture medium m vllro, and 
subsequent BI4 anti-CI)4 mAb secretion was verified (data not shown). 



Histological analysis of the beads implanted in mice 

Beadsharbouringcithcrallogcnicoi xenogenic cells were cxplantcd from either niide or 
immunocompetent mice and analysed. 293/sCI>4 or 293/1 ISA-CD4 containing beads 
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recovered nude mice 16 weeks after implantation remained intact (Fig.SA), with fibrosis at' the 
surface (Fig.SB), and viable cells clustered at the center of the beads (Fig.SC). 

The 293/sCD4 containing beads explained from immuno-compctcnt BALB/c mice Were 
still closed (Fig.5D) but their outer membrane was altered by an extensive immune response 
from the host with many lymphocytes as well as phagocytes, which digested the surface of 
the membrane (Fig. 510- The 293 cells appeared severely affected as well. 

In contrast, the beads containing encapsulated BM hybrldoma cells implanted in B&lb/c 
mice remained intact at least until 4 weeks post-implantation (Fig.SF), surrounded by fibrosis 
and nco-vuscularisalion despite a wall originating from a xenogenic human serum albumin 
(Fig.SCi). The host immune response against the beads was moderate and BL4 hybridoma cells 
appeared healthy. Viable cells were seen at the center of the beads (Fig.51 1). 
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DISCUSSION 

Parameters affecting the plasma concentration of therapeutic protein secreted by 
genetically modified cells: 

Many diseases may benefit from in vivo delivery of therapeutic proteins by genetically 
modified cells. The first question in regard to the feasibility of such approaches cotfld be 
whether the therapeutic level of the protein is likely to be achieved with the methods 
envisioned. These levels arc likely to depend on the secretion capacity and the number o!f the 
implanted genetically modified cells, but they also depend on the pharmacokinetic properties 
of the protein. The treatment of I11V infection with CI)4-bascd soluble inhibitors offers a 
good paradigm to study various strategics to produce these recombinant therapeutic proteins 
by implantation of genetically modified cells. Indeed, it has long been shown that a sbluble 
form of the 1 II V receptor (sMono-CD4) could efficiently neutralise culture-adapted HIV 
isolates in vitro. However, because of its quick in vivo clearance (45 minute in humart), the 
high dose of sMono-CD4 (3 to 10 mg) needs to be injected every 8 hour in humahs to 
maintain therapeutic concentrations [28]. It prompted the development of CD4-based 
recombinant molecules that were designed to have better pharmacokinetic properties, as well 
as improved efficacy. Such molecules ate still under development as purified recombinant 
proteins to be injected to patients. They should be useful for obtaining high plasma 
concentration for a short period of time. However, for chronic diseases like HIV infection, 
another treatment modality such as the in viva delivery of CD4 derived protein by genetically 
modified cells can be envisioned for a long term delivery. Using stable 293 cells secreting 3 
different CD4-bascd proteins with different half-life, we generated organoids. We observed 
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that plasma half-life is a major parameter thai determine plasma concentrations. In addition, 
taking advantage of the fact that organoids made of 293 cells are tumourigenic in nude mice, we 
also showed that there was a linear relationship between the number of the secreting cells and 
the plasma concentrations that raised up to 125 ug/mlwi(h I1SA-CD4. t hus, the number of 
secreting cells and the plasma half life of the secreted recombinant protein arc indcod two main 
parameters for obtaining high plasma concentrations. 



sMulti-CI)4, n potentially clinically useful inhibitor of HIV Infection 

Soluble CD4 (sMono-CI)4), has been shown to neutralise a wide range of culture 
adapted and primaiy 1HV isolates in vitro [25], [29], |30], |31), |32], [33], [34] by preventing 
virus from binding to its receptor [35] and also shown to inhibh ccll-to-cell transmission. 
Clinical trials have shown that purified sMono-CD4 has no significant clinical or 
immunologicultoxicity and induced a significant decline of the viral load [28],[16]. However, 
because of its rapid in vivo clearance (45 min-1 h in human), a large dose of sMono-CD4 (3 to 
J 0 mg) was needed to be injected every 8 h to maintain plasma concentrations at therapeutic 
level [28], JgG-CD4 fusion protein has also been developed, which has a significantly 
prolonged plasma half-life (30]. It also appears to have a better efficacy for neutralising HIV 
due to their di- or tctra-valcncc [17]. We have already shown that a minimal C4bp C-tcrminal 
a-fragmcnt derived from a naturally heptamcric molecule is sufficient to obtain soluble 
heptamcric fusion protein [22]. Multimeis arc assembled in the cell without necessity for 
secondary modifications, resulting in the secretion of a unique, covaicntly linked soluble 
molecule, although the expression vector codes only for the monomer. We used the same 
strategy to produce a soluble multimcric multivalent C.D4, sMulti-C04, in order to have a 
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longer plasma half-life and a bcllcr antiviral activity than those of sMono-CD4. We hj^eed 
report here that sMuItUCI)4 is approximately 3 time more efficient than sMono-CD4 for 
neutralising HI V infection. In addition, although \vc have not determined it precisely, the 
plasma half life of sMul(i-CI)4 should be significantly longer than that of sMono-CD4, being 
compatible with an in vivo use. Finally, sMulti-CD4 has a good physicochcmical slabilfty in 

vivo as shown by immunoblotting as well as the antiviral effect of in-vivo expressed sNjjiIti- 

* i 

CD4. Altogether, these results warrant further development of this molecule for fc-IIV 
treatment, notably using gene therapy. 



Scrum Albumin alginate beads coated with cross-linked bio-polymcr as a tool for 
encapsulating genetically modified cells 

The use of organoid to secret recombinant protein suffers from some difficulties. 
Indeed, because genetically modified cells arc to be rc-implantcd into a recipient, they need to be 
autologous to prevent their rejection by the host immune responses. Therefore, they arc usually 
derived from autologous skin fibroblasts which needs to be transduced and then exp&ided 
before rc-implanuuion. This is a labour intensive and costly procedure which has to be tailored 
to every patient. The use of an « universal » cell line expressing the protein of interest to t>fe rc- 
implantcd in any patient would obviously much simplify the therapeutic procedures, 

I Iowcvcr, such allogenic or xenogenic cells need to be protected from the host inhume 
response. Many encapsulation process have been developed to achieve this goal [12, 14, 36- 
38]. Hero we have used human scrum albumin alginate coated beads to encapsulate hutvtdn or 
mouse ceils |23]. This method has the advantages of generating large beads that are quite solid, 

that can be easily manipulated and that contain significant number of cells. After encapsulation 

- 1 

t 

of genetically modified 293 cells, we detected expected levels of sMono~CD4 and HSA-OD4, 
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but only very low levels of sMul(i-CI)4 which is the product of CD4-C4bpa gene, Wh$£ we 

- 1 

encapsulated the hybridoma cells secreting an IgG, the antibody was secreted from the beads. 
Therefore, the molecular cut off for this type of beads should be between 150 and 350 kD$. 

When the encapsulated cells were implanted in imnumo-deficient nude mice, xend^enic 
cells survived and secreted the recombinant protein for a long period of time (l 7 ig. 5A, B, C). 
Interestingly, although 293 cells aretumourigeneic in nude mice, no tumour could be detected, 
indicating that the coated alginate beads could protect the host from the tumourigenic cells 
within the beads. 

When the similar encapsulated cells were implanted in normal Balb/c mice, the 
xenogenic cells (293 cells) were rapidly eliminated (Fig. 51), K), most probably due t0 an 
antibody mediated immune response. However, when allogcniccclls (IU<4) were re-implanted 
in jmmuno-compctent animals (IJalb/c mice), they survived and secreted the recombinant 
protein (h'ig.SF ,G, ]]). Altogether, these results demonstrate that the coated-alginate beads 
can protect allogenic but not xenogenic cells from immune rejection. If such results cfch be 
confirmed in primates, this should be useful for a clinical use, which is likely to rcjy on 
allogenic cells rather than xenogenic ones. 

Usually, therapeutic proteins need to be delivered under strict control to avoid jover 
expression and possible side effects. There are several promoters available which coifld be 
controlled in vivo such as a system using tetracycline |393 or rapamycin [40]. LtfTicicnt. long- 
term gene transfer inlo muscle tissue for immuno-compclcnl mice by adeno-associated virus 
(AAV) vector has been reported (41], [42], [43], [44], [45], [46]. It is also reported that 
control of gene expression in vivo after gene transfer using AAV vector is possible [6 f 47]. 
Although AAV arc still difficult to produce under GMI\ this may represent a more practical 
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method than the use of encapsulated cells. However, the latter method has two pot^hlial 
advantages: First, it docs not require to inject a recombinant viral vector that always carries the 
risk of dissemination; Second, implanted beads can always be exported to stop recombinant 
protein production if necessary. This might provide an important safety control when the 
over expression of a therapeutic protein can trigger severe side effects. 

In summary, allogcniccells encapsulated in calcium-alginatcbcads coated with cfoss- 
linkcd bio-polymer appear a promising system for the in vivo delivery of therapeutic proteins, 
includingmmunoglobulins. 
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Fig. 1. Expression in 293 cells 

A) Expression plasmids: pCI/sCDI, pCI/HSA-CD4 and pCI/CD4-C4hpa plasmids coding 
for human 5Mono-Ci)4, J JSA-OD4 and sMuIti-CD4 respectively. 

B) Schematic presentation of Cl)4-bnscd proteins 

sCD4 consists of 4 domains. CD4~C4bpot is a hybrid gene resulting in the association 
between sCD4 and C4hpa genes that allow the secretion of sCD4 homo-multitheric 
molecules. I ISA-CD4 is a hybrid of human scrum albumin (USA) merged to the first two 
domains of human CI>4. 

C) Expression of sMuM-CIM, sMono-CD4, and I1SA-CD4 by 293 ceils in vitro 

Immunoblot analysis of culture supcrnatants, as revealed by a polyclonal S6rum 
directed against human CD4 under reducing (lanes 1 - 4), non-reducing (lanes 5 - 8); 
Supcrnatants of the 293 cells secreting sMulti-CD4 (lanes 1, 5), and those of soluble CD4 
(lanes 2 and 6); diluted purified soluble CD4 (lanes 3 and 7) as positive control; supernrttants 
of untransfected 293 cells (lanes 4 and 8)*. 

Polyclonal scrum against human scrum albumin (lanes 10 and 1 1) and polyclonal s^rum 
directed against human CD4 (lanes 12 and 13) revealed 92 kDa bands corresponding to ftSA- 
CD4 in the supcrnatants of 293/C1/IISA-CD4 (lanes 10 and 12); supcrnatants of 
untransfected 293 cells (lanes 1 1 and 13). 

Fig. 2 

Antiviral activity of sMulti-CI)4 

A) sMulti-CD4 by 293 cells in vitro: P4-CCR5 indicator cells were infected with 100 Tissue 
Culture infectious doses of 111V 1AI with different concentrations of sMulti-CD4 or sKiono- 
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CD4 secrclcd by 293 cells in vitro for 48h, then cnv.ymatic detection of beta-gal was 
performed. Results represent the percentage of the (i-gal compared with that of p-gal ofP4* 
CCR5 cells infected with IJIVjai without any sMono-CI)4 or its derivatives. 
B) $Mulli-CD4 expressed in vivo : P4-CCR5 cells were infected with 11IV LA1 with different 
dilutions of the plasma of the nude mouse implanted with 293/Cl/CD4-C4bpot-organoids. 

As a negative control, we infected the P4-CCR5 cells with I IIV|, AI in the presence of 
the supernatant of naive 293 cells and it showed no significant effect on I II V infection at less 
than 2.5 %. Hut at more than 7.5%, normal plasma also showed antiviral activity as those of 
Multi-CD4 or sCD4, 



Kig.3 

/// vivo expression of &M uIfi-CJ>4, HSA-CD4 and sMono-CD4 by organoids in tiudc 
mice; 

A) Plasma level of sMulti-CI)4, 11SA-CD4 and sMono-CD4 as a function of time kfter 
implantation of the organoids. Swiss nude mice were implanted either with the 293/CI/£D4- 
C4bpoc-organoids (ir 6), the 293/CI/IISA-Cl>4^organoids (n-3) or the 293/CI/sCD4-orgatioids 
(n=6), then bled at the indicated number of weeks after the imphmtation and the plasmft was 
stored frozen* The expression of those molecules was determined by I 7 J JSA and is presented 
as mean ± S.RM. 

13) Immunoblot analysis of the plasma using a polyclonal scrum directed against human CD4 
under non-reducing condition: lane 1, molcculai weight marker; lane 2, supcrnatants of a 293 
cells secreting sMulti-CI)4; lane 3, supcrnatants of the 293 cells secreting sCD4; lane 4> 1:2 
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diluted plasma from untreated Swiss nude mice; lane 5, 1 :2 diluted plasma from a 293/CI/Cb4- 
C4bpa-organoids implanted nude mice. 

Jmmunoblot with a polyclonal rabbit against USA under reducing condition in lane 6 and 7. 
Lane 6, 1:50 diluted plasma from a 293/CI/I1SA-CJM -organoids implanted nude mice; lane 7, 

1 ;50 diluted plasma from an untreated Swiss nude mice. 

C) Significant correlation between body weight (HW) and the plasma concentration: BW and 
plasma concentration of sMu1ti-CD4 ,IISA-CD4 or sMono-CD4 in organoids implanted tnice 
at each time point were plotted. Significant correlation between them was shown (sTvfculti- 
CD4, r*-0,989; JISA-CD4, 1^0,99); sMono-ClM, r 7 = 0,946). Data shown arc from a 
representative animal of each experimental group. 

Kig.4 

A) /// vivo expression of I1SA-CD4 and sMouc»-CI>4 encapsulated in human sfeVum 
albumin alginate coated beads in nude mice: 

Swiss nude mice were implanted cither with the encapsulated 293/C1/IISA-CD4 (upper panel) 
or 293/CJ/sCD4 cells (lower panel), then bled at the indicated number of weeks aftet the 
implantation. The plasma concentration of those molecules was determined by FXISA end is 
presented as mean ± S.Ii.M. 

B) In vivo expression of \\\A mAb in KALR/c mice: 

Upper panel: The encapsulated HL4 hybridoma cells were implanted in 2 of BAUVc mice for 

2 weeks, then the beads were cxplantcd. During 2 weeks of implantation, fluorescence 
intensity continued to increase and il started to decrease after their explanation. Lower panel; 
In a mouse, the beads were left implanted in a Balb/c mouse for 30 days. The Fluore&fcence 
intensity continued to increuse until 30 days. 
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Flg.5 

Encapsulated xcnogcnic cells in Nude mice 

The coated alginate beads containing 293/CI/sCD4 cells recovered from a Swiss Nude mouse 
66 days post-implantation. A, II) : No major degradation of the membrane by the host cells, 
but only the fibrosis was seen around the bead. C) : In the center of the bead, clusters of the 
293 cells alive ,were seen. Bars : A) 500 Jim; H) 200 u,m; C) 1 00 UMn. 
Encapsulated xenogeneic cells in Bnlb/c mice 

I>, E) : Human scrum albumin alginate coated beads containing 293/CJ/sCD4 cells recovered 
from a lialb/c niou.se one month after implantation. The membrane of the beads were stnmtfy 
affected by the host phagocytes to develop fibrous «nd vascularization around the beads. The 
293 cells in beads show the morphological characteristics of dead cells. Bats • D) 1 mm; U) 100 
Mm. 

Xcnogcnic beads in Balb/c mice 

I luman scrum albumin alginate coated beads containing 1*1.4 hybridoma cells, removed from a 
Balb/c mice 1 month after implantation. F, G) : The membrane of the beads did not show any 
major deterioration and remained intact. Only slight fibrosis was seen around the beads, H) ; 
In the center of the beads, M A hybridoma cells were alive, 
liar indicates in V) 1 mm, CJ) 100 »m and II) 50 urn respectively. 
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